Introduction
Electrokinetic chromatography (EKC), which is one of the superior separation modes in capillary electrophoresis (CE), is based on partition equilibrium of analytes between the pseudostationary phase (PSP) and surrounding medium. To obtain enhanced separation efficiency and characteristic selectivity, researchers have applied various PSPs, e.g., surfactant micelle, synthetic polymer, vesicle, liposome, and microemulsion, to EKC. Among these PSPs, sodium dodecyl sulfate (SDS) has been regarded as the most common surfactant in micellar EKC (MEKC) since Terabe et al. reported the first MEKC study with SDS in 1984. 1, 2 In SDS-MEKC, however, there are several limitations concerning the properties of the ionic micelles.
Equilibria between free surfactants and aggregates, which are characterized by critical micelle concentration (CMC), cause limited stability and dynamic changes in micelle structures. For example, the micelle formation is interrupted by adding organic modifiers with concentrations above 20 -30% into a background solution (BGS), which restricts the flexibility for the selection of analytical conditions.
To overcome this limitation, the application of micelle polymers to MEKC has been investigated. [3] [4] [5] Since micelle polymers covalently include both hydrophobic and hydrophilic monomers, they exhibit no or extremely lower CMC values. Additionally, the absence of the self-association equilibrium for polymer micelles can allow effective applicability of secondary additives such as cyclodextrin and PEG. However, the polydispersity of the polymer micelles is a critical problem in MEKC, since a wider distribution of the electrophoretic mobilities of the polymer micelles should reduce the separation efficiency due to band broadening of sample zones. Actually, Tarus et al. reported that the polymerization degree of poly(sodium undecanoyl-L-leucinate) strongly affected the efficiency and resolution of racemic amino acid derivatives. 6 Thus, the introduction of mono-dispersed micelles with no or lower CMC is still desired in MEKC.
In this study, we employed sterically stabilized phospholipid micelles (SSMs) composed of PEG-2000 grafted distearoyl phosphatidylethanolamine molecules (DSPE-PEG-2000) shown in Fig. 1 to MEKC. It is well known that the PEGylated phospholipids form safe, biocompatible and nontoxic micelles, so that the application of the SSMs to the drug delivery systems has been exhaustively investigated. [7] [8] [9] In SSMs, the PEG chains on the micelle surface sterically stabilize their structure; such stability effectively reduces the CMC in water. Since DSPE-PEG-2000 micelles contain long hydrophobic acyl chains in the core region, anionic phosphate groups, and hydrophilic PEG In this study, micelles prepared from distearoylphosphatidylethanolamine with covalently attached poly(ethylene) glycol) (PEG) of molecular weight 2000 (DSPE-PEG-2000) were employed in micellar electrokinetic chromatography (MEKC) as pseudostationary phases. Since DSPE-PEG-2000 contains long hydrophobic alkyl chains, an anionic phosphate group, and hydrophilic PEG chains, the prepared micelles are expected to provide a characteristic retention behavior for both neutral and ionic compounds. As a typical example, a baseline separation of phenol and 2-naphthol was successfully achieved by using the DSPE-PEG-2000 micelles as a background electrolyte for MEKC; such success clearly shows that the micelles can retain electrically neutral compounds. The MEKC separations of anionic and cationic compounds with a DSPE-PEG-2000 micellar solution and the enantioseparation of binaphthyl compounds with mixed micelles containing bile salt are also discussed. chains on their surface, the SSMs are expected to provide a unique retention behavior for both neutral and ionic compounds. In the present study, the fundamental retention characteristics of the SSMs were studied in MEKC. In addition, we also discuss the applicability of PEGylated phospholipid/bile salt mixed micelles to the MEKC chiral separation of binaphthyl compounds.
Experimental

Chemicals and reagents
DSPE-PEG-2000, DSPE-PEG-5000 and PEG-2000 conjugated distearoylglycerol (GS-PEG-2000) were purchased from NOF (Tokyo, Japan), SDS from Nacalai Tesque (Kyoto, Japan), aryl sulfonates from Tokyo Chemical Industry (TCI, Tokyo, Japan), aryl alcohols from Wako (Osaka, Japan), and aryl amines and 1,1′-binaphtyl-2,2′-diyl hydrogenphosphate (BNP) from SigmaAldrich (Tokyo, Japan). Sodium ursodeoxycholate (SUDC) and sodium taurodeoxycholate (STDC) were obtained from EMD Chemicals (Gibbstown, NJ, USA) and Sigma-Aldrich, respectively. Methanol (Nacalai Tesque) and Sudan R (TCI) were used as an electroosmotic flow (EOF) and as a micelle marker, respectively.
All solutions were prepared with deionized water purified by using a Direct-Q System (Nihon Millipore, Japan), and filtered through a 0.45 μm pore membrane filter prior to use. SSMs solutions were prepared by dissolving the PEGylated lipids in the BGS and sonicating for 10 min.
Instrumentation
All CE experiments were performed on a P/ACE MDQ system (Beckman Instruments, Fullerton, CA, USA) equipped with a diode-array UV detector. Separations were carried out on fused-silica capillaries (Polymicro Technologies, Phoenix, AZ, USA) of 20.5 cm effective length × 50 μm i.d. Samples were hydrodynamically injected at 0.5 psi for 3 s (injection volume, 5.4 nL). The applied voltage and the temperature were set at 20 kV and 25˚C, respectively. UV detection was performed at 200 nm. The capillaries were conditioned sequentially with 1 M NaOH, deionized water, and running buffer for 10 min each at 40 psi prior to use. Before each run, the capillary was flushed at 40 psi sequentially with 1 M NaOH (2 min), water (2 min) and separation buffer (3 min).
Mean hydrodynamic diameters and morphologies of SSMs were estimated by quasi-elastic light scattering with Malvern HPPS (Southbrough, Germany) and transmission electron microscopy (TEM) (H-7500, Hitachi, Tokyo, Japan). The CMC value of SSMs was evaluated by fluorescence titration with rhodamine B.
Results and Discussion
Retention characteristics of PEGylated phospholipid micelles
Prior to the MEKC analysis, we investigated the morphological characteristics of the SSMs. The TEM imaging and the quasielastic light scattering measurements revealed that DSPE-PEG-2000 forms spherical and closely mono-dispersed micelles with its diameter of ~15 nm when its concentration was above CMC of 30 μM in pH 7.0 buffer. Since the dispersity of the PSP strongly affects the zone broadening in MEKC, the PEGylated phospholipid micelles are expected to perform as the effective PSP. It should be noted that the mean diameter of the SSMs remained almost constant under the PEGylated phospholipid concentration of 0.1 -1.0 mM and the buffer pH of 3.0 -7.0.
The retention behaviors of the DSPE-PEG-2000 micelles were studied by using aryl alcohols, amines and sulfonates as the standard samples; the results are summarized in Table 1 . In the analysis of phenol and 2-naphthol, an acceptable separation was obtained by SSM-MEKC with resolution of 2.4, while in MEKC with 10 mM SDS solution the resolution was estimated to be 22. The obtained lower resolution in SSM-MEKC should be due to a narrow separation window. Since the PEG chains on the SSMs surfaces shield the negative charges of phosphate groups of DSPE-PEG-2000, as discussed later, the migration rate of SSM is slower than that of the SDS micelle. Actually, the electrophoretic mobilities of the SSM and SDS micelle were estimated to be 3.3 × 10 −5 and 4.5 × 10 −4 cm 2 /V·s, respectively. This slower electrophoretic migration of the SSM reduced the separation window and the separation efficiencies for the neutral compounds. Thus, the neat SSM would be suitable for the MEKC separation of ionic analytes.
The SSM showed unique retention characteristics for ionic compounds. In the MEKC analysis of ionic analytes, the value of pH of the buffer was set at pH 3.0 to obtain negligible EOF, since faster EOF complicated the observation of the retention behavior of ionic compounds. Considering the electrophoretic mobility of ionic compounds, one can calculate the retention factor k by using the following equation:
where vS, tR, l, μeo, μep S , μep mc and E are the apparent velocity of the analyte, the migration time of the analyte, the effective separation length, the electroosmotic mobility, the electrophoretic mobility of the analyte and the micelle, and the electric field strength, respectively. The calculated retention factors for the ionic compounds are summarized in Table 1 . The result clearly demonstrated that the anionic compounds could not be retained by the SSM but the apparent retention of the cationic compounds was observed. Although the neural and cationic naphthyl compounds (1-naphthyl methylamine, NMA) were retained by the SSM, the anionic naphthalene derivative, sodium 2-naphthalene sulfonate (SNS), could not be retained. These results predict that the electrostatic repulsion force between sulfonic groups of the analytes and phosphate groups of the SSM reduced the retention efficiency. However, such a hypothesis was contradictory to the fact that the effective shielding of negative charges by the PEG chains occurred on the SSM surface, as described above.
To clarify this discrepancy, we employed the SSMs composed of nonionic GS-PEG-2000 and longer PEG chain (MW = 5000) grafted DSPE (DSPE-PEG-5000) for the MEKC analysis of the ionic compounds. As shown in Table 2 , a 13-fold decrease in the retention factor of cationic NMA was obtained by using the nonionic PEGylated lipid micelles compared to that obtained by DSPE-PEG-2000. In addition, DSPE-PEG-5000 provided a slightly lower retention factor of NMA. These results indicated that the electrostatic attraction force between phosphate and amino groups played a crucial role in the retention mechanism of the DSPE-PEG micelles because the charge shielding effect of the PEG chains was not serious enough to "completely" prevent the cationic compounds from being retained. It has been reported that the PEG chains exhibit a cation binding ability according to lone electron pair of oxygen atom; 10 this ability would also contribute to the retention of cationic compounds on the DSPE-PEG-2000 micelles.
The above discussion shows that there is a possibility that the retention of the cationic compounds is dominated by an ionexchange mechanism.
In ion-exchange chromatography between the monovalent analyte ion and the ion exchange group, k is expressed by the following equation: 11 log k = −log[CI] + log Const.
where [CI] is the concentration of the counter ion in the BGS. Equation (2) predicts that the plot of log k versus log[CI] will produce a straight line in ion-exchange chromatography. When sodium chloride was added into the separation buffer, the retention factor of NMA was decreased with increasing [CI] and the double logarithmic plot of k vs.
[CI] gave a good linear relationship with a correlation factor of 0.9978. Thus, the results suggest that ion-exchange by phosphate groups and/or the PEG chains of the PEGylated phospholipids contributed to the retention of the cationic compounds to the SSMs. Since the counter cation-bound PEG chains neutralized the negative charge of phosphate group of DSPE-PEG-2000, a lower value of the electrophoretic mobility of SSM was observed, as mentioned above.
On the other hand, the anionic SNS was not retained at all by employing any of the phospholipid micelles shown in Table 2 . Since the concentration of GS-PEG-2000 was limited to ten-fold lower (0.1 mM) than the standard concentration of DSPE-PEG-2000 due to its poor solubility, an apparent difference in the retention factor of SNS between the GS-PEG and DSPE-PEG phospholipids might not be observed. Taking into account the retention behavior of the cationic analytes, we conclude that the retention of the anionic SNS on the DSPE-PEG-2000 micelles would be reduced by the electrostatic repulsion force between the phosphate and sulfonate groups.
Furthermore, the hydrophobic interaction force between the naphthyl group and aliphatic chains of SSM would also be reduced by the PEG chains on the micelle surface; such reduction should prevent the analytes from accessing to the hydrophobic core. These cooperative interruptions based on the SSM structure would provide the lower retention factors for the anionic compounds.
The reproducibility of the SSM-MEKC analysis of NMA was investigated. The run-to-run repeatabilities for the migration time were acceptable, with the relative standard deviation (RSD) values of less than 1.3% (n = 6). The day-to-day RSD value was good within 2.2% (n = 6). It should be emphasized that for the SSM solution at a higher concentration, e.g., >5 mM, the aggregation of the micelles proceeded gradually. Therefore, the reproducible data can be obtained by preparing a new micellar solution at a lower concentration of the PEGylated phospholipids prior to successive runs.
SSM-MEKC separation of BNP enantiomers
As an application of the SSM, the MEKC chiral separation of racemic BNP with DSPE-PEG-2000/bile salt mixed micelles was investigated. In this study, non-conjugated SUDC and taurine conjugated STDC bile salts were employed during the MEKC separation as the chiral selectors. It has been reported that anionic bile salts form helical 12 or disk-like 13 structure micelles. Among several bile salts, STDC is regarded as the most effective chiral selector in MEKC. 14 Prior to using the mixed micelles, the MEKC separation with simple bile salt micelles was conducted. Since the CMCs of SUDC and STDC were reported to be 11.9 and 2.9 mM, respectively, 15,16 the concentrations of these surfactants were adjusted to slightly higher values than the CMCs shown in Table 3 . As a result, 16 mM SUDC micellar solution provided an insufficient separation of racemic BNPs (Fig. 2a) . When the mixed micelle of SUDC/ DSPE-PEG-2000 was employed, on the other hand, a baseline separation was achieved as shown in Fig. 2b , even though the concentration of SUDC in the mixed micelle was ca. five-times Table 3 lower than the simple component micellar system. Note that the migration order of R and S forms was changed from that in Fig.  2a , since the mixed micelles moved faster than the anionic analytes due to their lower electrophoretic mobility. The retention factor of the R form was larger than that of the S form in both micellar systems. In the case of STDC, the mixed micellar system gave also a better resolution (see Appendix) than the neat STDC micelles, as shown in Table 3 . Thus, the mixed micellar system with bile salts and PEGylated phospholipids produced more effective separation field for BNP enantiomers in MEKC.
In the MEKC theory, the resolution depends on the retention factor, the number of theoretical plates, the selectivity factor, and the column availability. 2 Since the selectivity factors in the mixed micellar systems were inferior to that in the simple bile salt solutions as shown in Table 3 , the improved resolution would be due to the increases in both the retention factor and the number of theoretical plates in the mixed micellar systems. Especially in the STDC/DSPE-PEG-2000 system, the retention factor (kR = 1.1) approximated the optimal value (kopt = 0.90) in MEKC 17 from the smaller k value of 0.094 in the neat STDC system, which affected strongly the obtained higher resolution. Although the anionic SNS showed no retention on the neat DSPE-PEG-2000 micelles as discussed in the previous section, the retention factor of anionic BNP in the mixed micellar systems was increased compared to that in neat bile salt micelles. This higher retention in the mixed micelles might be caused by the structural changes in the mixing of PEGylated phospholipids and bile salts. It has been reported that phospholipids/bile salt mixed micelles form a rod-like structure with radial shell conformation. 18 The structural variation from spherical to radial shell-rod conformation might provide the larger change in the retention behavior in the mixed micelle. In the mixed micellar systems, the number of theoretical plates was also increased. This improved efficiency was also caused by the structural changes of the micelle. Recently, a MD simulation study has indicated that the bile salt micelle structure shows a highly dynamic and disordered behavior in size and that the inter-micellar interactions can allow the material to form larger secondary micelles. 19 This size fluctuation of bile salt aggregates is unfavorable in MEKC because the efficiencies are decreased by the heterogeneity in the electrophoretic mobilities of the micelles. On the other hand, the aggregation structure of the mixed micelles containing PEGylated phospholipids would be sterically stabilized by the PEG chains, which would improve the number of theoretical plates. However, the structural information about the mixed micelles is still insufficient at the present stage and thus, such investigations with quasi-elastic light scattering and transmission electron microscopy are now being conducted in our laboratory.
Conclusion
In this study, analytical performances of the SSMs composed of PEGylated phospholipids in MEKC were investigated. Morphological investigations revealed that the SSMs are closely mono-dispersed, which is advantageous in MEKC for minimizing the zone broadening. In the MEKC analysis, the SSMs showed unique retention characteristics, i.e., they could retain the cationic compounds, whereas the retention of the anionic analytes was not observed. These retention behaviors would be attributed by the PEG chains on the surface of the SSMs. Furthermore, the PEGylated phospholipids/bile salt mixed micelles provided the effective separation of BNP enantiomers. This would be due to the structural differences between the neat bile salt micelle and the mixed micellar systems. We believe that several features of PEGylated phospholipid micelles, e.g., mono-dispersity and structural stability, should be effective in MEKC, especially for ionic analytes and that the application area of the SSMs will be enlarged in the analytical sciences. As described in the Introduction section, the good stability of the SSMs may also enable us to use higher organic modifier concentration in the BGS. Such studies will be reported in separated articles. 
